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The effect of spin-orbit coupling on the magnetic properties
of H2Tim–H2TiH2
Simon P. Webb and Mark S. Gordon
Department of Chemistry, Iowa State University, Ames, Iowa 50011
~Received 10 November 1997; accepted 8 April 1998!
Excited states of singlet and triplet H2Ti~m2H!2TiH2 have been calculated using
multiconfigurational wave functions. The effects of orbital relaxation are determined by optimizing
orbitals for all states separately and comparing to state-averaged calculations, and are found to be
small. Dynamic electron correlation included through second-order perturbation theory is found to
have a considerable effect on excited state relative energies, but not on the ordering of states.
Spin-orbit coupling effects are introduced by a one-electron operator which uses an effective nuclear
charge to replace two-electron effects. The resulting splittings of the lowest energy triplet state
components are 0.027 and 0.199 cm21, respectively. The former is due to the angular momentum
operator which acts along the Ti–Ti axis; the latter is due almost entirely to the angular momentum
operator which acts in the direction perpendicular to the plane of the Ti–H–Ti bridge. An overall
ferromagnetic effect of 0.660 cm21 on the ground state singlet-first excited triplet energy gap is
predicted. Orbital interactions responsible for spin-orbit coupling effects are identified. © 1998
American Institute of Physics. @S0021-9606~98!01327-0#
I. INTRODUCTION
Often the magnetic properties of molecular systems are
highly dependent on intramolecular interactions. In dinuclear
complexes comprising two metal centers each with an un-
paired electron, if singlet coupling of the electrons is ener-
getically favored over triplet coupling, the interaction is an-
tiferromagnetic; if triplet coupling is favored over singlet
coupling, the interaction is ferromagnetic.1 There are a num-
ber of effects which can contribute to the intramolecular in-
teraction. The magnitude and sign of the singlet-triplet en-
ergy gap, where the singlet and triplet are the two lowest
energy states, and where effects due to spin-orbit coupling
and magnetic dipole-dipole interactions are neglected, is a
measure of the isotropic exchange interaction. In a previous
study on the isomers of Ti2H6 ~Ref. 2! we calculated the
isotropic exchange interaction of D2h H2Ti~m2H!2TiH2 to
be antiferromagnetic with J52250 cm21, where J is de-
fined by 22J5E(triplet)2E(singlet).
The isotropic exchange interaction usually dominates
spin-orbit coupling and magnetic dipole–dipole interaction
effects in determining the magnetic properties of dinuclear
complexes. However, when the singlet-triplet splitting itself
is very small and ferromagnetic, these normally subtle ef-
fects can be important, influencing the magnetic properties of
the system in the low temperature range. What is more, elec-
tron paramagnetic resonance ~EPR! experiments are gener-
ally able to detect these much smaller effects as they result in
the zero-field splitting ~ZFS! of the triplet state M s
components.1
In EPR experiments there are two allowed transitions
within the triplet manifold, corresponding to DM s561, and
a forbidden transition DM s52 ~between M s511 and M s
521! at half field. In a randomly oriented ensemble of mol-
ecules the transitions are only observable when the principal
axes of the molecules ~see Fig. 1! are parallel or nearly par-
allel to the x ,y ,z components of the applied magnetic field;
otherwise they contribute only to continuous background.3 A
DM s561 spectrum, then, consists of three sets of doublet
peaks corresponding to applied magnetic fields in x , y , and z
directions. Analysis of the spectrum is carried out by use of
an effective spin Hamiltonian H associated with the triplet
spin quantum number S51,4,1
H5bHgS1SDS . ~1!
The first term in Eq. ~1! accounts for the Zeeman perturba-
tion due to the applied magnetic field H; g is the gyromag-
netic tensor and b is the electronic Bohr magneton. The sec-
ond term accounts for dipolar and spin-orbit coupling effects
and involves the zero-field splitting ~ZFS! tensor D. The
principal values ~diagonal elements! of g and D are deduced
from a fit to the experimental data; that is a fit to the mea-
sured resonance fields of the allowed transitions. The zero-
field splitting parameters D and E are then calculated from
the principal values of D according to4
D53Dz/2, ~2!
E5~Dx2Dy!/2. ~3!
The principal axes of D ~i.e., its orientation! are chosen
such that uDu>3uEu. D is known as the axial zero-field split-
ting parameter; E is the rhombic zero-field splitting param-
eter. A recent application of EPR spectroscopy and analysis
of the resulting spectrum using the method just outlined can
be found in a study of rac-$@C2H4~h5-tetrahydro-
indenyl!2#-Ti~III!~m2H!%2 .5 As mentioned above, the origin
of the splitting of the triplet M s components lies in two types
of interactions; the interaction between magnetic dipoles and
the interactions due to spin-orbit coupling. The spin-orbit
coupling interactions are often referred to as anisotropic ex-
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change interactions or pseudodipolar interactions.1,6 In this
work we consider the spin-orbit coupling part of the prob-
lem.
The anisotropic exchange interaction tensor De is found
in the analysis of experimental data by subtraction of the
magnetic dipole-dipole interaction tensor Dd from the total
ZFS tensor D. The dipole-dipole interaction tensor Dd is cal-
culated according to an expression dependent on g and 1/r3,
where r is the metal-metal separation; axial and rhombic
terms Dd and Ed are calculated by application of Eqs. ~2!
and ~3! to this tensor.1 The exchange tensor De may be found
by
De5D2Dd. ~4!
The principal axes of Dd and De which ensure that uDdu
>3uEdu and uDeu>3uEeu, respectively, may or may not co-
incide depending on the system under study. If they do not
coincide then one may either define two different molecular
orientations, one for each tensor,4 or alternatively allow the
dominant effect to determine the principal axes for both; i.e.,
D defines the principal axes.6 The axial and rhombic ex-
change interaction parameters for the latter approach, De and
Ee , are then found by simply applying6
De5D2Dd , ~5!
Ee5E2Ed . ~6!
Experiment has shown that D in di-titanium systems is domi-
nated by Dd with the z principal axis defined along the metal
internuclear axis.6 Therefore we have defined the Ti–Ti axis
in D2h H2Ti~m–H!2TiH2 as the z axis ~see Fig. 1!.
The approach just outlined is a purely phenomenological
one which extracts parameters related to the triplet splitting
energies due to certain phenomena from experiment. It does
not reveal any information on the mechanisms by which
these phenomena occur. To this end the parameters De and
Ee have been used in expressions based on perturbation
theory to calculate singlet-triplet splitting energies of excited
states.1 Two examples are: the study of @Cp2Ti~m2OR!#2 by
Samuel et al.,6 and the study of @Cu2(t2Bupy)4(N3)2#
3(CIO4)2 by Gatteschi et al.4 The aim is not only to char-
acterize the excited states, but also to also to establish how
the singlet versus triplet stability of the excited states affects
the spin-orbit coupling related terms De and Ee . A priori
prediction of the sign and magnitude of these anisotropic
exchange effects is cited as the ultimate goal.4
However, the expressions used are highly dependent on
approximations, such as the determination and use of orbital
energy differences from only the singly occupied orbitals
~the ‘‘active orbital approach’’!. Also, assumptions are made
as to which excited state orbitals are included in the spin-
orbit coupling scheme. In addition these expressions can
only be used when the EPR spectrum is highly resolved,
producing reliable values for D and E . This is not always the
case. To our knowledge ab initio methods have not, until
now, been applied directly to this spin-orbit coupling prob-
lem. Through ab initio calculations on H2Ti~m2H!2TiH2 us-
ing multiconfigurational wave functions, our aim is twofold:
to predict excited state energies, and to determine spin-orbit
effects at a level of theory which enables clear identification
of the orbital or state interactions which cause the exchange
effects represented by the parameters De and Ee . These
spin-orbit effects are determined by calculation of the spin-
orbit coupling matrix elements between ground and excited
states ~and between excited states! and diagonalization of the
resulting matrix to give energy levels and eigenvectors of
spin-mixed states.
The relative simplicity of H2Ti~m2H!2TiH2 makes it an
ideal first candidate due both to manageability of calcula-
tions and its status as the simplest model for di-titanium ~III!
systems. Any modification of energy splittings by the pres-
ence of more complex ligands may then be identified readily
in any future calculations by direct comparison.
II. COMPUTATIONAL DETAILS
A triple z with polarization (14s11p6d/10s8p3d) basis
set is used for titanium. This consists of Wachter’s basis set7
with two additional sets of p functions8 and a set of diffuse d
functions.9 For hydrogen Dunning’s (5s1p/3s1p) basis set10
was used. Collectively this basis set is referred to as TZVP.
Preliminary calculations on singlet D2h
H2Ti~m2H!2TiH2 were carried out at the restricted Hartree–
Fock ~RHF! level. After convergence of this single determi-
nant wave function, modified virtual orbitals ~MVOs!11 were
generated by freezing the occupied orbitals; forming a cation
by removal of six electrons and performing one self-
consistent field ~SCF! iteration. The resulting orbitals were
used as a starting point for a two configuration ~TCSCF!
geometry optimization. For the triplet state a geometry opti-
mization at the restricted open-shell Hartree–Fock ~ROHF!
level of theory was performed.
For the ground state and lowest energy triplet, TCSCF
and ROHF wave functions have been shown to be qualita-
tively correct.2 Excited state calculations require fully opti-
mized reaction space ~FORS! multiconfigurational SCF
~MCSCF! calculations12 with an active space that consists of
2 electrons in up to 10 orbitals depending on symmetry.
Dynamic electron correlation effects, when required, are
included through single point multiconfigurational quaside-
FIG. 1. MCSCF/TZVP singlet and ROHF/TZVP triplet geometries of D2h
H2Ti~m2H!2TiH2. Bond lengths are in Angstroms. Brackets signify triplet
geometry.
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generate second-order perturbation theory calculations
~MCQDPT!.13
Spin-orbit coupling effects ~SOC! are treated using a
one-electron spin-orbit coupling operator.14 The operator
uses an effective nuclear charge Zeff to replace two-electron
effects. The Zeff of 9.873 used for titanium was chosen to
reproduce the first zero-field splitting energy in neutral
atomic 3F Ti, J(2!3)5170.132 cm21.15 A similar Zeff is
obtained if one chooses to reproduce the doublet splitting in
2D Ti~III!.
All calculations were done using the electronic structure
code GAMESS.16
III. RESULTS AND DISCUSSION
Calculated geometries for the lowest energy singlet and
triplet states of D2h H2Ti~m2H!2TiH2 at the TCSCF/TZVP
and ROHF/TZVP levels, respectively, are shown in Fig. 1.
We first consider the excited states of D2h H2Ti~m2H!2TiH2,
and then examine SOC effects.
A. Excited states
It is necessary to consider 2 electrons in 10 orbitals in
order to arrive at correct descriptions of the excited states of
H2Ti~m2H!2TiH2. These orbitals include Ti–Ti bonding and
antibonding interactions of the type ss*, pp*, and dd*
with some participation of bridging and terminal hydrogen
atomic orbitals ~see Fig. 2!. Tables I and II show the elec-
tronic structures and energies of the first 20 singlet and 20
triplet states of D2h H2Ti~m2H!2TiH2.
The singlet energies in Table I are from a state-averaged
2 electron, 10 orbital MCSCF calculation at the TCSCF/
TZVP 1Ag ground state geometry ~see Fig. 1!. Starting orbit-
als were symmetrized (D2h) and resemble those shown in
Fig. 2. The calculation was carried out with no symmetry
constraints, with each of the first 20 states weighted equally.
Using this wave function as a starting point and freezing the
nonactive orbitals, a 2 electron, 10 orbital MCSCF triplet
calculation was carried out at the same geometry using the
same procedure to obtain the first 20 triplet states that are
detailed in Table I. These are the orbitals used in the SOC
calculations described below.
To assess the effects of orbital and geometry relaxation,
as well as dynamic electron correlation, a subset of the states
shown in Table I was analyzed ~see Table II!. The singlet
energies were calculated at the TCSCF/TZVP 1Ag ground
state geometry; the triplet energies at the ROHF/TZVP 3B1u
geometry ~see Fig. 1!. Initially, all orbitals allowed by sym-
metry were included in each MCSCF calculation on each
state. Then, any orbitals with negligible occupation were dis-
carded and the reduced space used for reoptimization of the
wave function and subsequent perturbation corrections for
dynamic electron correlation. When more than one state of a
given symmetry was considered ~five 1Ag and five 3B1u
states!, the orbital coefficients for each of the roots were
optimized separately.
From Tables I and II one can see the effects of orbital
and geometry relaxation by comparing the columns headed
MCSCF. For the first six states the difference is less than
;0.6 kcal/mol and for the remaining states it is no greater
than ;1.0 kcal/mol. The MCQDPT results in Table II show
that the effects of dynamic correlation are greater, with dif-
ferences in the range ;0.3 to ;5.7 kcal/mol between the
MCSCF and MCQDPT methods. However, except for two
cases ~S8 , S9 and T9 , T10!, the MCSCF wave function does
order the states correctly.
B. Spin-orbit coupling
The effects of SOC on the ground state singlet S0 and
first excited triplet T1 were determined using a one-electron
SOC operator which includes two-electron effects through an
effective nuclear charge.14 Since current codes do not in-
clude the effects of dynamic electron correlation as obtained
by MCQDPT in the SOC calculation, one does not anticipate
FIG. 2. Three-dimensional plots of the natural orbitals from a 2 electron, 10
orbital MCSCF/TZVP calculation, optimized for the 1Ag ground state of
D2h H2Ti~m2H!2TiH2. For the ground state, occupation numbers for these
active space natural orbitals are zero except for s1 and s1* . The shapes of
these orbitals remain qualitatively the same in excited state calculations. The
orbital contour value for the plots is 0.04 bohr3/2. The z axis is defined by
the Ti–Ti axis, the Ti–H–Ti bridge is in the yz plane, and the Ti–H termi-
nal bonds are in the xz plane.
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quantitatively accurate values for energy level splittings due
to SOC related exchange effects. However, one hopes to ob-
tain qualitatively useful information. Inspection of the eigen-
vectors of the spin-mixed states produced in SOC calcula-
tions allows determination of which adiabatic states are
mixing ~and their weightings! to produce each spin-mixed
state. In addition, the angular momentum operators
(Lx ,Ly ,Lz) responsible for mixing these adiabatic states can
be identified. Furthermore, by systematically increasing the
TABLE I. Electronic structure and MCSCF/TZVP energetics for the first twenty singlet and triplet states of D2h
H2Ti~m-H!2TiH2. All singlet states are from a single 2 electron, 10 orbital MCSCF/TZVP calculation at the 1Ag
ground state geometry and are weighted equally. All triplet states are from a single 2 electron, 10 orbital
MCSCF/TZVP calculation at the 1Ag ground state geometry. Starting orbitals for the triplet were those from the
singlet calculation and nonactive orbitals were frozen. All triplet states are weighted equally. Energies ~kcal/
mol! are relative to the ground state 1Ag . (sp)1,1(s*p*)1,1 represents the following configurations:
Config. # s s* p p*
1 1 0 1 0
2 0 1 0 1
s ~no subscript! means that configurations which include orbitals similar in appearance to both s1 and s2
and their antibonding analogs ~see Fig. 2! are present in the state.
Singlets Triplets
State Configurations
MCSCF
~2,10! State Configurations
MCSCF
~2,10!
S0 1Ag (s)2(s*)2 0.00 T1 3B1u (ss*)1,1 0.59
S1 1B1g (sp)1,1(s*p*)1,1 4.29 T2 3B1g (sp)1,1(s*p*)1,1 4.18
S2 1Au (sp*)1,1(s*p)1,1 4.41 T3 3Au (sp*)1,1(s*p)1,1 4.47
S3 1Ag (p)2(p*)2 8.78 T4 3B1u (pp*)1,1 8.83
S4 1B3g (sd1*)1,1(s*d1)1,1 18.00 T5 3B3g (sd1*)1,1(s*d1)1,1 17.25
S5 1B2u (sd1)1,1(s*d1*)1,1 20.69 T6 3B2u (sd1)1,1(s*d1*)1,1 19.78
S6 1B2g (pd1*)1,1(p*d1)1,1 22.89 T7 3B2g (pd1*)1,1(p*d1)1,1 22.25
S7 1B3u (pd1)1,1(p*d1*)1,1 23.66 T8 3B3u (pd1)1,1(p*d1*)1,1 22.97
S8 1B1u (s1s1*)1,1(s2s2*)1,1 27.40 T9 3B3u (sd2)1,1(s*d2*)1,1 27.44
S9 1B3u (sd2)1,1(s*d2*)1,1 28.04 T10 3B1u (s1s1*)1,1(s2s2*)1,1 27.58
S10 1Ag (s1s1*)2,2(s2s2*)2,2 28.60 T11 3Ag (s1s2)1,1(s1*s2*)1,1 28.58
S11 1B2g (sd2*)1,1(s*d2)1,1 29.31 T12 3B2g (sd2*)1,1(s*d2)1,1 29.57
S12 1Au (sp*)1,1(s*p)1,1 32.37 T13 3Au (sp*)1,1(s*p)1,1 32.26
S13 1B1g (sp)1,1(s*p*)1,1 32.71 T14 3B2u (pd2)1,1(p*d2*)1,1 32.42
S14 1B3g (pd2*)1,1(p*d2)1,1 32.96 T15 3B1g (sp)1,1(s*p*)1,1 32.54
S15 1B2u (pd2)1,1(p*d2*)1,1 33.11 T16 3B3g (pd2*)1,1(p*d2)1,1 33.44
S16 1Ag (d1)2(d1*)2 34.56 T17 3B1u (d1d1*)1,1 40.10
S17 1Au (d1d2*)1,1(d1*d2)1,1 43.45 T18 3Au (d1d2*)1,1(d1*d2)1,1 42.34
S18 1B2u (sd1)1,1(s*d1*)1,1 45.47 T19 3B2u (sd1)1,1(s*d1*)1,1 43.62
S19 1B3g (sd1*)1,1(s*d1)1,1 47.05 T20 3B3g (sd1*)1,1(s*d1)1,1 47.48
TABLE II. Excited state energies ~kcal/mol! of D2h H2Ti~m–H!2TiH2. Energies are relative to the ground state 1Ag . Singlet energy calculations were obtained
at the ground state 1Ag geometry; triplet energy calculations at the lowest energy 3B3u geometry. A separate MCSCF/TZVP calculation was done for every
excited state allowing the orbitals to be optimized specifically for the state in question. The natural orbitals are those defined in Fig. 2.
Singlets Triplets
State Natural orbital occupation MCSCF MCQDPT State Natural orbital occupation MCSCF MCQDPT
S0 1Ag (s1)1.11(s1*)0.89 0.00 0.00 T1 3B1u (s1)1.00(s1*)1.00 0.56 1.33
S1 1B1g (s1)0.53(p)0.53(s1*)0.47(p*)0.47 4.80 4.08 T2 3B1g (s1)0.54(p)0.54(s1*)0.46(p*)0.46 4.49 3.99
S2 1Au (s1)0.52(p*)0.52(s1*)0.48(p)0.48 4.91 4.43 T3 3Au (s1)0.52(p*)0.52(s1*)0.48(p)0.4 4.74 4.43
S3 1Ag (p)1.03(p*)0.97 8.24 11.24 T4 3B1u (p)1.00(p*)1.00 7.85 9.90
S4 1B3g (s1)0.61(d1*)0.61(s1*)0.39(d1)0.39 17.78 15.44 T5 3B3g (s1)0.61(d1*)0.61(s1*)0.39(d1)0.39 16.88 13.94
S5 1B2u (s1)0.45(s1)0.45(s1*)0.55(d1*)0.55 20.36 19.62 T6 3B2u (s1)0.45(d1)0.45(s1*)0.55(d1*)0.55 19.31 18.00
S6 1B2g (p)0.59(d1*)0.59(p*)0.41(d1)0.41 23.47 22.02 T7 3B2g (p)0.60(d1*)0.60(p*)0.41(d1)0.41 22.35 20.11
S7 1B3u (p)0.43(d1)0.43(p*)0.57(d1*)0.57 24.22 23.38 T8 3B3u (p)0.42(d1)0.42(p*)0.58(d1*)0.58 23.03 21.72
S8 1B1u (s1)0.57(s1*)0.43(s2)0.57(s2*)0.43 28.11 24.15 T9 3B3u (s1)0.61(d2)0.61(s1*)0.39(d2*)0.39 27.94 22.20
S9 1B3u (s1)0.60(d2)0.60(s1*)0.40(d2*)0.40 28.25 22.63 T10 3B1u (s1)0.52(s1*)0.56(s2)0.48(s2*)0.44 27.87 23.81
S10 1Ag (s1)0.52(s1*)0.56(s2)0.48(s2*)0.44 29.30 25.60 T11 3Ag (s1)0.49(s1*)0.51(s2)0.49(s2*)0.51 28.82 24.80
S11 1B2g (s1)0.46(d2*)0.46(s1*)0.54(d2)0.54 29.63 25.76 T12 3B2g (s1)0.46(d2*)0.46(s1*)0.54(d2)0.54 30.04 26.29
S16 1Ag (d1)0.69(d1*)1.31 34.09 33.74 T17 3B1u (d1)1.00(d1*)1.00 38.39 39.97fl 1Ag (d2)1.30(d2*)0.70 52.76 47.95 fl 3B1u (d2)1.00(d2*)1.00 57.33 57.69
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number of states included in the SOC calculation; ferromag-
netic or antiferromagnetic effects can be assigned to the mix-
ing of specific adiabatic states.
Figure 3 is a schematic representation of the effect of
SOC when all 20 singlet and triplet states are included in the
calculation. Figure 4 shows the effect of systematically add-
ing states to the wave function; in effect, a decomposition of
the total. For the purposes of the following discussion, both
S0 and T1 will be referred to as ground states; S12S19 and
T22T20 will be referred to as excited states. The manner in
which the energy levels are labeled with their associated
principal axes X , Y , and Z is discussed below. The relation-
ship between DE(1) and DE(2) in Fig. 3 and De and Ee is
explained in the Appendix.
From Fig. 3 the effect of SOC on the ground state
singlet–triplet gap in D2h H2Ti~m2H!2TiH2 is predicted to
be a ferromagnetic one. This effect, however, is very small
compared to the much larger isotropic effect ~10.660 com-
pared to 2204.856 cm21!. The lack of dynamic correlation
in the present calculations means that qualitative informa-
tion, such as identifying which SOC interactions are impor-
tant, is more reliable than the absolute values of the SOC
induced splitting energies of T1 . However, the calculated
splitting energies, DE(1)50.027 cm21 and DE(2)
50.199 cm21, imply values of De and Ee ~see the Appen-
dix! which lie within the range of experimentally determined
exchange parameters for related systems. Gatteschi et al.
found De50.376 cm21 and Ee50.070 cm21 in their di-
copper system;4 Samuel et al. found De50.0012 cm21 and
Ee520.0065 cm21 for their di-titanium system.6 In the cop-
per system SOC effects dominate and the z principal axis is
defined by the exchange interaction tensor De and is perpen-
dicular to the Cu–Cu axis. In the titanium system, however,
dipole effects dominate and the axial component is along the
Ti–Ti axis as defined by the dipole interaction tensor Dd . In
this experiment the rhombic is larger than the axial exchange
parameter (uEeu.uDeu) indicating that SOC effects are larger
perpendicular to the Ti–Ti axis than along it.
A technique which has been used to simplify the math-
ematics involved in the analysis of experimental spectra out-
lined in Sec. I is the adoption of spin-functions quantized
along the principal axes x , y , and z ,17
Tx5
1
&
~b1b22a1a2!, ~7!
FIG. 3. Schematic representation of the effects of a spin-orbit coupling
calculation on S0 and T1 which includes the first 20 singlet (S02S19) and
triplet (T12T20) states of D2h H2Ti~m2H!2TiH2.
FIG. 4. Decomposition of the total effect of spin-orbit coupling on S0 and T1 by adding the states included in the calculation a few at a time.
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Ty5
i
&
~b1b21a1a2!, ~8!
Tz5
1
&
y~a1b21b1a2!. ~9!
This change of basis from M s521, 0, and 1 is not required
in our calculation, but to facilitate comparison to experiment,
by inspection of the eigenvectors18 obtained from the
diagonalization of the 80380 SOC matrix for D2h
H2Ti~m2H!2TiH2 ~see Table III! and accounting for orbital
phases, we have labeled the split energy levels in Fig. 3 X ,
Y , and Z according to the definitions in Eqs. ~7!–~9!.19 These
labels represent agreement with Samuel et al.’s experiment6
in that they also show that the rhombic is larger than the
axial exchange effect when the z axis is defined along the
Ti–Ti direction ~see Fig. 1!. The eigenvectors also allow
determination of the weightings of the adiabatic states which
make up the spin-mixed states. The composition of the first
four spin-mixed states are shown in Table III, and illustrates
why the T1 spin-mixed states are split; that is each compo-
nent of T1 mixes with a different set of excited states. We
now consider this mixing and its effects further.
Figure 4 demonstrates how SOC affects S0 and T1 if the
number of states included in the SOC is built up from three
~S0 – S2 , T1 – T3!, to six ~S0 – S5 , T1 – T6!, to twelve
(S0 – S11 , T1 – T12!. Figure 5 identifies which states are
coupled in these calculations and shows cartoon representa-
tions of the d-orbital interactions deemed responsible for fer-
romagnetic and antiferromagnetic contributions which make
up the total effect when all states are included. For ease of
visualization the cartoons do not represent molecular orbit-
als; in fact each d orbital represents an unpaired electron
localized on a Ti center.
When only the first three states ~S0 – S2 , T1 – T3! are
included, T1 is stabilized preferentially to S0 ; there is a fer-
romagnetic effect of 1.167 cm21. Inspection of the SOC
eigenvectors and state weightings reveals the interactions re-
sponsible are purely between states with s and p interactions
~see Fig. 5!, with no participation of the bridging hydrogens.
This is consistent with the findings of Kahn who predicts
ferromagnetic interaction when there is no bridging ligand
mediation between two d orbitals in an orthogonal
orientation.1 Due to symmetry constraints, the angular mo-
mentum operator which gives rise to all of these interactions
is Lz which acts along the Ti–Ti internuclear axis ~see Fig.
1!. This axial splitting is calculated to be only 0.030 cm21.
The SOC matrix elements indicate there is no excited state-
excited state coupling; this is also due to the symmetry con-
straints imposed by the angular momentum operators.
The addition of three more states ~S0 – S5 , T1 – T6! re-
sults in an antiferromagnetic effect of 20.486 cm21. The
ground state-excited state coupling responsible for this effect
~see Fig. 5! is between states with s and d1 interactions ~see
Fig. 2 and Table I! which do include contributions from the
bridging hydrogens. Again, this is consistent with the find-
ings of Kahn.1 The SOC matrix elements indicate introduc-
tion of these states and also results in a small amount of
coupling between excited states. This enables indirect cou-
pling of more excited states with the ground states. The an-
gular momentum operator that is responsible for the coupling
between states with s and d1 interactions is Lx , where the x
axis is perpendicular to the plane of the bridge in the mo-
lecular orientation for these calculations ~see Fig. 1!. The
resulting rhombic energy splitting is calculated to be
0.198 cm21, suggesting that the rhombic splitting seen in
Fig. 3 is due almost entirely to the effects of the introduction
of these three states and the resulting SOC interactions.
The inclusion of the next six states ~S0 – S11 , T1 – T12!
has a small effect that brings the energy levels essentially to
the same values as those in the full twenty singlet and triplet
state SOC. The very small antiferromagnetic effect of
TABLE III. Information on the first four spin states obtained from the 20 singlet, 20 triplet SOC calculation.
Coefficients and weightings are taken from the eigenvectors resulting from the diagonalization of the SOC
matrix.
Spin state
Coefficients for T1
components taken from
the eigenvectors of the
spin states
Principal
axes
Energy relative
to adiabatic
ground state S0
/cm21 Adiabatic state Weight
Operator
responsible for
mixing with
predominant
state
S0 0.9942
1 212.186 T2 0.0050 Lz
T5 0.0008 Lx
T1 0.9931
2 0.996561
~a1a21b1b2!
& Y 192.010 T3 0.0062 Lz
T6 0.0006 Lx
T1 0.9931
3 0.996529
~a1b21b1a2!
& Z 192.037 S2 0.0063 Lz
T6 0.0006 Lx
T1 0.9932
4 0.996595
~a1a22b1b2!
& X 192.236 T3 0.0062 Lz
S5 0.0006 Lx
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20.020 cm21 appears to arise from a number of SOC matrix
elements of similar magnitude describing both ground state-
excited state, and excited state-excited state interactions,
though these interactions are clearly very weak as the excited
state weightings are too small to appear in Table III. Figure 5
shows a cartoon representation of the former. Negligible ad-
ditional splitting within T1 results from the inclusion of these
states.
In summary, spin-orbit coupling in D2h
H2Ti~m2H!2TiH2 obtained with the first twenty singlet and
twenty triplet states produces a very small ferromagnetic ef-
fect that arises from competing ferromagnetic and antiferro-
magnetic interactions between ground and excited state or-
bitals, as well as interactions between excited states. In the
molecular orientation of Fig. 1 the rhombic energy splitting
@DE(2)50.199 cm21# is caused almost entirely by the intro-
duction of S3 – S4 , and T4 – T5 and the resulting interactions.
The angular momentum operator Lx which acts along the
axis perpendicular to the bridge plane ~see Fig. 1! is respon-
sible for most of these interactions. In contrast, magnetic
dipole-dipole interactions are almost always largest along the
internuclear axis ~z axis!. If this is true for D2h
H2Ti~m2H!2TiH2, the two effects which result in splitting of
the triplet state have their largest components along perpen-
dicular principal axes. This has been observed experimen-
tally both in a di-copper system4 and a di-titanium system.6
However, unlike Samuel et al. who can estimate the Ti–Ti
separation accurately in their system using the approximation
D'Dd , because De is small (0.0012 cm21), in D2h
H2Ti~m2H!2TiH2, in the relevant orientation, the calculated
axial exchange parameter is substantial, De520.086 cm21
~see the Appendix!, so it is possible that D'Dd would not
be a good approximation.
IV. CONCLUSIONS
Excited state energies of singlet and triplet
H2Ti~m2H!2TiH2 have been calculated. The effect of orbital
relaxation ~optimizing the orbitals for each state! is found to
be small. Dynamic correlation makes a considerable differ-
ence in terms of energetics, but has little effect on the order-
ing of the states.
In dinuclear complexes spin-orbit coupling effects can
contribute to the splitting of the triplet state as measured by
EPR spectroscopy. Through ab initio calculations which in-
clude spin-orbit coupling we have identified which states
couple in D2h H2Ti~m2H!2TiH2 to produce these contribu-
tions. The calculated rhombic energy splitting, DE(2)
50.199 cm21, is due almost entirely to coupling brought
about by the angular momentum operator perpendicular to
the plane of the Ti–H–Ti bridge (Lx). The effect of the
operator along the Ti–Ti axis (Lz) was found to be much
smaller. The ferromagnetic effect of spin-orbit coupling on
the ground state singlet-first excited triplet energy gap is
found to be very small relative to the isotropic antiferromag-
netic interaction in H2Ti~m2H!2TiH2, and therefore plays no
role in determination of overall magnetic properties of the
system.
FIG. 5. States which are coupled via spin-orbit coupling ~with non-negligible matrix elements!. With addition of more states in each calculation ~e.g., going
from S02S2 , T12T3 to S02S5 , T12T6! only the new couplings are identified @the couplings identified in the previous column ~e.g., S02S2 , T12T3!# are
still present. Excited state-excited state couplings are not identified as they are very weak and numerous.
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Given the importance of dynamic electron correlation
both in determining the isotropic interaction energy and in
the effect it has on excited state energies, a first step toward
achieving reliable values of energy level splittings due to
exchange effects can be made with its inclusion in the spin-
orbit coupling calculations.
The calculations presented here should be viewed as a
first step in using ab initio computational chemistry tech-
niques to determine how the SOC induced exchange contri-
bution to zero-field splittings is modified by bridging and
terminal ligands in paramagnetic dinuclear titanium ~III!
compounds.
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APPENDIX
The parameters D and E ~which are due to both spin-
spin and spin-orbit effects!, where the molecular orientation
and thereby the principal axes are defined such that uDu
>3uEu, are related to the triplet splitting energies by the
following.20
If the energy splittings are known, D and E may be calcu-
lated using Eqs. ~A1! and ~A2!.
D5~Z2X !1E , ~A1!
E5~X2Y !/2. ~A2!
However, in the present study we have calculated energy
splittings due to spin-orbit coupling effects only, DE(1) and
DE(2) ~see Fig. 3!. In order to relate these calculated energy
splittings to De and Ee for comparison with experiment we
must consider how the principal axes were defined in the
determination of the experimental De and Ee ; that is,
whether the principal axes of De @calculated using Eq. ~4!#
are defined such that uDeu>3uEeu or alternatively whether
De and Ee are found by simply applying Eqs. ~5! and ~6!, the
principal axes then being defined by D.
In the experiment by Gatteschi et al.4 the former is true
and the principal axes are determined by De ~the z principal
axis is perpendicular to the internuclear axis!. Therefore in
order to apply Eqs. ~A1! and ~A2! we must relabel the energy
levels in Fig. 3 switching X and Z , effectively rotating the
Ti–Ti axis in H2Ti~m2H!2TiH2 to the x principal axis
~see Fig. 1!.
Applying Eqs. ~A1! and ~A2! gives De50.212 cm21 and
Ee50.013 cm21. In the experiment by Samuel et al.6 the
principal axes are determined by D which is dominated by
Dd . Here the experimental De and Ee are determined using
Eqs. ~5! and ~6!. The z principal axis lies along the internu-
clear axis as in the orientation used for the present calcula-
tions on H2Ti~m2H!2TiH2 ~see Fig. 1!. We can therefore
apply Eqs. ~A1! and ~A2! using the principal axes defined in
Fig. 3,
giving De520.086 cm21 and Ee50.113 cm21.
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